The effect of electrical current on the microstructure, the tensile properties and vibration deformation mechanisms of the Sn-9Zn-1Cu leadfree solder were examined in this study. Results showed that Zn-rich phase, Sn-Zn eutectic, Cu 5 Zn 8 intermetallic compounds and proeutectic Sn-rich phase existed in the matrix of a Sn-9Zn-1Cu specimen. An electrical current flowing for a short duration was able to improve the tensile strength of the solder alloy. But prolonging the duration more than 7 hours led to a deterioration in the tensile mechanical properties and vibration resistance. Under both constant force and initial-deflection conditions, the electrical current caused the vibration life of the specimens to deteriorate. Lamellar-deformed structures (LDS) decreased and Cu 5 Zn 8 fractured easily, which in turn decreased the crack propagation resistance.
Introduction
A knowledge of the properties of solders at room temperature is not enough to predict their behavior when an electrical current is applied. The Sn-Zn eutectic alloy has recently been considered as a candidate for a lead-free solder material because of its low melting point, excellent mechanical properties and low cost. 1, 2) However, since Zn-containing alloys have the problems of oxidation and wetting, 3, 4) new Sn-Zn based alloys are being developed. Many reports have shown that the wetting ability and mechanical properties of Sn-Zn based solders can be enhanced by the addition of Cu, Ag, Bi etc. [5] [6] [7] Also, one related study 7) revealed that Cu addition has a significant influence on the oxidation and wetting of Sn-Zn alloys. Considering the low cost of Cu addition, Sn-Zn-Cu alloys show great potential as lead-free solder materials.
Given that failure may occur due to vibration, e.g., in vehicles and aircraft, the vibration fracture resistance should be taken into consideration in the design of Sn-Zn based solder alloys when the solder joints are assembled. Previous studies [8] [9] [10] have investigated the vibration behavior of several Sn-based solder alloys under resonant conditions. The eutectic Sn-Zn alloy has been found to exhibit inferior vibration-fracture resistance compared to commonly used Sn-Pb and Sn-Ag solders due to the uniformly distributed Zn needles. In addition, our previous study showed that a Sn9Zn-xCu (x > 0:7 mass%) specimen with a higher damping capacity was able to absorb more vibration energy and thus possessed a greater vibration fracture resistance. So, the present study aims to use the Sn-9Zn-1Cu alloy to investigate the effect of electrical current on the tensile properties and the resonant vibration fracture behavior.
Experimental Procedure
A master alloy of near-eutectic Sn-9Zn-1Cu alloy (see Table 1 ) was prepared by melting pure tin, pure zinc and pure copper in a high-frequency induction furnace. The alloy ingots were then remelted and cast into a Y-shaped graphite mold. To obtain steady properties for comparison, some of the specimens were subjected to stabilization treatment at 120 C for different duration followed by air cooling to room temperature. In order to collect the tensile data of the electrical current test, rectangular specimens (gauge length section: 20 mm Â 5:4 mm Â 2:4 mm, Fig. 1(a) ) were also prepared. The tensile mechanical properties under an initial strain rate of 7:5 Â 10 À4 s À1 , as well as the hardness of each phase in the matrix, was ascertained.
A simple cantilever beam vibration system was used for the vibration experiments. Test specimens, (Fig. 1(b) ), which were rectangular with dimensions 100 mm Â 20 mm Â 4 mm, were mounted and fixed on end to the vibration shaker. Two circular-notches near the clamp were made for observing microstructural evolution in the vicinity of the notch front. For the vibration frequency vs. deflection amplitude curve, the maximum deflection amplitude always occurs at resonant frequency. The resonant frequency is taken as the frequency leading to the largest deflection and is determined by varying the vibration frequency continuously. 10, 11) Direct current (DC) was selected and the electron flow (from cathode to anode) was chosen.
12) The electrical current through the tensile specimen was controlled at 40 A (electrical current density: 309 AÁcm À2 ), while that through the vibration specimen was controlled at 60 A (100 AÁcm À2 ). SEM was used for fracture analysis of the microstructures. Each data was the average of 3{4 test results. In addition, a comparison was performed between the electrical current specimens and the oil heat-treatment specimens using the analysis methods of the tensile and the vibration. Figure 2 (a) shows the microstructure of the Sn-9Zn eutectic solder alloy. The matrix contained Sn-rich phase, Zn-rich phase and Sn-Zn eutectic. When Cu of 1 mass% was added into the Sn-9Zn eutectic alloy ( Fig. 2(b) ), Cu 5 Zn 8 intermetallics existed in the Sn-9Zn-1Cu matrix. In addition, a great number of proeutectic Sn-rich dendrites formed and Cu-Zn intermetallics existed mostly amongst the proeutectic Sn-rich dendrites. For later discussion, the micro-hardness of each phase of the Sn-9Zn-1Cu matrix is shown in Fig. 3 . The results reveal that the average value for Cu 5 Zn 8 compounds was highest, followed by Sn-Zn eutectic and Sn-rich phase respectively. In addition, this study measured the surface temperature of the Sn-9Zn-1Cu solder alloy to be about 120 C during electrical current testing (Fig. 4) . To understand the pure thermal effect, the temperature of some of the other specimens (using oil-heat treatment) was fixed at 120 C. Figure 5 shows the typical tensile stress-strain curves of the Sn-9Zn-1Cu alloy after being subjected to currents of different duration. We see that the modulus of elasticity of the 40 A-7 h specimen is highest. Detailed results of tensile testing ( Fig. 6(a) ) reveal that the strength of the specimens increased as the electrical current duration increased. But prolonging the duration to over 7 hours caused the tensile strength of the specimens to deteriorate, while the variation in elongation was smaller. In order to clarify the pure thermal effect, the yield strength ( Fig. 6(a) ) of the electrical current specimen was compared with the oil bath heat-treatment specimen, as shown in Fig. 6(b) . It can be seen that increasing the duration of the oil bath heat-treatment did not raise the tensile strength. Notably, prolonging the oil bath heat-treatment time to over 2 hours, caused no obvious variation in the strength of the specimens. For later discussion, the 120 C-2 h specimen ( Fig. 6(b) ) was also selected to compare the vibration data with the electrical current specimens.
Results and Discussion

Microstructure and tensile properties
A previous study of the Sn-9Zn-1Ag solder alloy 12) found that an electrical current did not obviously affect the microstructure of specimens, but causing some Zn atoms to diffuse into the tin matrix. In the present paper, comparing the as-cast specimen (Fig. 7(a) ) with the electrical current specimen (Fig. 7(b) , the site is the same as Fig. 7(a) ), the microstructure of the Sn-9Zn-1Cu alloy did not change obviously after 11 hours at 40 A. Even when XRD (not given here) was used, the microstructure still showed no variation. EDS analysis of the Sn-9Zn-1Cu specimen before and after electrical current testing is shown in Fig. 8 . Notably, results show that the current caused the content of Zn in the tin matrix to increase in relative composition (Table 2) can be concluded that the current affected the material characteristics of the solder. It is the main reason that both the Zn-rich and Sn-Zn eutectic phase possessed higher compositional gradient than near--Sn matrix region. Under current testing (enhanced diffusion), the Zn diffused into the nearmatrix region. According to Fig. 6 , the electrical current specimens suffered an obvious deterioration between 7 and 11 hours. For comparing the vibration data, the specimens undergoing 7{11 hours of electrical current are discussed. Figure 9 (a) shows the D-N curves of the specimens under a fixed vibration force of 3.5 G (the resonant frequencies of the specimens were: 120 C-2 h (76 AE 1 Hz), 60 A-8 h (77 AE 1 Hz) and 60 A-11 h (79 AE 1 Hz)). The initial deflection amplitude of 60 A-11 h was highest, followed by 60 A-8 h and 120 C-2 h respectively. This study avoided the effect of damping capacity by controlling the vibration force and measured the D-N curves of the specimens under constant initial deflection conditions. The initial deflection of the 60 A-11 h specimen was 1.6 mm (Fig. 9(a) ) and this was selected as a standard for the other specimens. Under constant initial deflection conditions, the vibration curve of the 60 A-11 h started to drop at first (Fig. 9(b) ). A previous study revealed that a Sn-9Zn-0.5Cu specimen had a nearly 3 Hz deviation between the actual vibration frequency and the resonant frequency when the deflection amplitude was decreased to 94% of the maximum value. Therefore, the vibration life in this study was defined as the vibration cycle number when the deflection amplitude was reduced to 95% of the maximum value. Based on this definition, Fig. 10 shows the critical number of vibration cycles. Under both constant force and initial-deflection conditions, the effect of electrical current caused the vibration life to deteriorate. To understand the fracture 120°C-2h 60A-8h 60A-11h behavior, SEM was used to examine the characteristics and mechanisms of vibration fracture. Since the vibration fracture characteristics in Fig. 9 (a) are similar to Fig. 9 (b), this study uses Fig. 9 (a) as an example for examination.
Vibration characteristics and fracture mechanisms
The surface lamellar-deformed structures (LDS) of all specimens were observed after the constant-force vibration test (Fig. 11 ). Our observations confirmed that the area fraction of LDS had increased, as would be expected from a longer duration of electrical current. In addition, the specimen with the longest duration of electrical current had the lowest modulus of elasticity (Fig. 5, i. e., rigidity). Its tensile strength not only decreased but it also suffered deformation easily in -Sn matrix, detrimentally affecting the crack propagation resistance and the vibration life. From observations of the crack propagation, it was also found that the regions of LDS by the side of a vibration-crack had a tendency to expand with increasing the electrical current duration. So, we can safely assume that an electrical current for longer than a certain duration caused the area fraction of LDS to increase. The specimens underwent the electrical current test to enhance the formation of LDSs (Fig. 11) , which in turn reduced both the absorbability of the vibration energy and vibration life deterioration. According to the above findings and relevant references, 13) it can be inferred that the thermoelectric effect of electrical current not only caused the Zn to diffuse into the tin matrix (Fig. 8) , but also affected the deformation resistance. In addition, after vibration testing, the hard massive Cu 5 Zn 8 compounds (Fig. 3) near the major crack were damaged seriously when the duration of the electrical current was increased, as shown in Fig. 12 . So, the Cu 5 Zn 8 , after being given an electrical current, was not able to provide enough fracture resistance. This evidence also indicates why the 11 h specimen had lower tensile strength than the other specimens ( Fig. 6(b) ). In this study, the Cu 5 Zn 8 compounds embrittled and the area fraction of LDS increased, both of which affected the fracture mechanism of the Sn-9Zn-1Cu solder.
Conclusion
(1) The Sn-9Zn-1Cu solder alloy contained Sn-rich phase, Cu-Zn intermetallics, Zn-rich phase and Sn-Zn eutectic phase. The electrical current caused an obvious variation in the tensile and vibration properties. The thermoelectric enhanced diffusion led to the fracture resistance being lower when the electrical current testing exceeded a certain duration. (2) The mechanical properties did not change during the oil bath heat-treatment, but the thermoelectric effect caused both tensile strength and vibration life of the specimens to deteriorate. In addition, the amount of LDS was raised and the Cu 5 Zn 8 compounds embrittled with prolonging the duration of the electrical current.
(a)
(c) Fig. 12 Observations of the crack propagation in Cu 5 Zn 8 (dark zones) using BEI: (a) 120 C-2 h, (b) 60 A-8 h, and (c) 60 A-11 h (the microcracks are showed by the arrows).
